Distribution and origin of aerosol and its transform relationship with CCN derived from the spring multi-aircraft measurements of Beijing Cloud Experiment (BCE) by unknown
   
 
© The Author(s) 2012. This article is published with open access at Springerlink.com csb.scichina.com   www.springer.com/scp 
                      
*Corresponding author (email: guoxl@mail.iap.ac.cn) 
Article 
SPECIAL TOPICS:  
Atmospheric Science July 2012  Vol.57  No.19: 24602469 
 doi: 10.1007/s11434-012-5136-9 
Distribution and origin of aerosol and its transform relationship 
with CCN derived from the spring multi-aircraft measurements of 
Beijing Cloud Experiment (BCE) 
LU GuangXian1,3 & GUO XueLiang2* 
1 Laboratory of Cloud-Precipitation Physics and Severe Storms, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029, 
China; 
2 Chinese Academy of Meteorological Sciences, Beijing 100081, China; 
3 Graduate University of the Chinese Academy of Sciences, Beijing 100049, China 
Received February 3, 2012; accepted March 13, 2012; published online April 24, 2012 
 
The atmospheric aerosol distribution, source and relationship with cloud condensation nuclei (CCN) observed during the Beijing 
Cloud Experiment (BCE) are analyzed. The results show that the high number concentrations of aerosol mainly distributed below 
4500 m, and the magnitude could reach to 103 cm−3. Above 4500 m, the aerosol number concentrations decreased to 101 cm−3 as 
the altitude increases, and the aerosol mean diameters were between 0.16 and 0.19 μm. Below 4500 m, the number size distribu-
tions of aerosol showed a bimodal (multimodal) mode, and an unimodal mode above it. Due to the different sources of aerosol, 
the conversion ratios of aerosol to CCN were less than 20% below 4500 m, and reached 50% above the level at 0.3% supersatura-
tion. The back trajectories showed that aerosols at higher levels above 4500 m were strongly affected by large-size particles and 
those below 4500 m were strongly affected by local or regional pollution. Based on observations, a relationship between the CCN 
number concentration and aerosol number concentration is established. 
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Aerosols are important trace component in the atmosphere 
and much attention have been paid to their effects on cloud 
and precipitation as well as climate system. On one hand, 
aerosols can directly absorb, scatter and reflect radiation, 
and change the radiation flux to the earth surface, which is 
referred to as direct effect. On the other hand, some aerosols 
may act as cloud condensation nuclei (CCN) or ice nuclei 
(IN) to involve in the formation of clouds, and change the 
microphysical and radiation properties of clouds, and then 
influence the climate system, which is referred to as indirect 
effect. The indirect effect can be further classified as first 
indirect effect or the Twomey effect [1] and second indirect 
effect or the Albrecht effect [2]. The Twomey effect refers 
that for given liquid water content, the increase of aerosol 
concentration will lead to an increase of cloud droplet con-
centration but a smaller effective diameter of cloud, and 
then result in an increase of albedo of clouds, while the Al-
brecht effect is that the increased aerosols can lead to 
smaller droplet diameter and inhibits the growth of cloud 
droplets and the formation of precipitation, thereby increas-
es cloud lifetime.  
Aerosols influence the climate system mainly through 
CCN and affect the microphysics of clouds. CCN is closely 
related to the chemical composition of aerosols. The chem-
ical composition of aerosols, however, change greatly with 
spatial and temporal distributions, which causes the very 
difficult quantification of the aerosol indirect effect and 
brings large uncertainty on the study of cloud-aerosol inter-
action as well as the influence on the climate system. The 
IPCC report [3] pointed out that the aerosol indirect effect 
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lays the largest uncertainty on radiation forcing research. 
This uncertainty is mainly due to the lack of knowledge 
about aerosol spatial and temporal distribution, chemical 
composition and nucleation property. Thus observation and 
research of aerosol and CCN is significant.  
Many international observational programs had been 
made against aerosol-CCN-cloud interactions, such as the 
Atlantic Stratocumulus Transition Experiment (ASTEX) [4], 
the Small Cumulus Microphysics Study (SCMS) [5] off the 
east coast of Florida, the Indian Ocean Experiment 
(INDOEX) [6], the Aerosol Characterization Experiment 1, 
2 and 3 (ACE-1, 2, 3) [7–10], and the Cirrus Regional Study 
of Tropical Anvils and Cirrus Layers-Florida Area Cirrus 
Experiment (CRYSTAL-FACE) [11] in the vicinity of 
southwest Florida. These observational experiments pro-
vided large quantity of valuable data for aerosol-cloud in-
teractions studies.  
Chinese researchers have conducted numerous surface 
and aircraft observations of aerosol and CCN in the Helan 
Mountain area since 1990s and revealed the relationship 
between aerosol and CCN in different conditions in this 
area [12–16]. Zhang et al. [17] analyzed the aircraft obser-
vations of aerosol over Beijing and surrounding area in 
summer and autumn in 2003, and showed that aerosol 
number size distributions were greatly different in different 
weather conditions: the number size distribution was uni-
modal under 0°C level, and bimodal above. Fan et al. [18] 
analyzed the aircraft observations over the same area in 
August and September 2004, and suggested that aerosol 
number concentration was largest in cloudy day and small-
est in clear day, the number size distribution was unimodal. 
Moreover, there was a distinct aerosol accumulation area 
under the inversion layers. Shi et al. [19] used surface and 
aircraft observations in Shijiazhuang in the autumn of 2005 
and the spring of 2006 to study the spatial and temporal 
changes of CCN in the North China Plain. Duan et al. [20] 
analyzed the precipitation and visibility data from 1990 to 
2005 in the North China Plain, and found that the anthro-
pogenic aerosol suppressed precipitation in this area in 
summer. Zhang et al. [21] found that aerosol vertical distri-
butions were strongly affected by weather and meteorolog-
ical conditions, and they summarized three different types 
of aerosol vertical distributions corresponding to different 
weather systems. Moreover, Zhang et al. [22] analyzed air-
craft observations in July 2008 and proved that high aerosol 
number concentration corresponded to the high cloud drop-
let number concentration and smaller diameter, and vice 
versa.  
Since most observations were conducted during weather 
modification experiments or ground-based site [23–33], 
there are larger limitations to study aerosol-cloud interac-
tions. Observational experiments designed specifically for 
aerosol-cloud interactions are still needed.  
The Beijing Cloud Experiment (BCE) of the Key Project 
in the National Science & Technology Pillar Program dur-
ing the Eleventh Five-year Plan Period was conducted from 
April to May in 2009 in Zhangjiakou area, which locates in 
upstream area of Beijing City. It is the first multi-aircraft 
cloud observational experiment in China. During this ex-
periment, three aircrafts observed aerosol, CCN and cloud 
at different altitudes simultaneously, and provided valuable 
data for the aerosol-cloud interactions in this area. This 
study intents to analyze the data of 18 April, 30 April and 1 
May from this experiment to reveal the properties of aerosol 
and CCN, and their relationship.  
1  Instruments and experiment 
The BEC was conducted in April and May 2009 and the 
observational area is located in the north of Zhangjiakou 
city (shown in the box of Figure 1). Three aircrafts took off 
from airports in Zhangjiakou, Shijiazhuang and Taiyuan 
respectively, and made observations at different altitudes 
simultaneously in the study area.  
The aircrafts used in this experiment were the Cheyenne 
III-A from the Shijiazhuang Weather Modification Office, 
the Beijing Y-12 from the Beijing Weather Modification 
Office and the Datong Y-12 from the Shanxi Weather Mod-
ification Office. Instruments carried on aircrafts were:  
Shijiazhuang Cheyenne III-A: Forward Scattering Spec-
trometer Probe extended range (FSSP-ER), Passive Cavity 
Aerosol Spectrometer Probe model 100X (PCASP-100X), 
2D-Gray cloud probe (OAP-2D-GA2), 2D-Gray precipita-
tion probe (OAP-2D-GB2), Cloud Condensation Nuclei 
Counter (CCNC) and Hot Wire Liquid Water Probe 
(King-LWC).  
Beijing Y-12: Cloud Aerosol and Precipitation Spec-
trometer (CAPS, including the Cloud and Aerosol Spec-
trometer (CAS), the Cloud Imaging Probe (CIP) and the 
Liquid Water Content Sensor (LWC-100)), Precipitation 
Imaging Probe (PIP), PCASP-100X with SPP-200 module 
(SPP-200), Cloud Condensation Nuclei Counter (CCNC)  
 
 
Figure 1  Observational area. 
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and Aircraft Integrated Meteorological Measurement Sys-
tem (AIMMS-20).  
Datong Y-12: Cloud Droplet Probe (CDP), Cloud Imag-
ing Probe (CIP), Precipitation Imaging Probe (PIP), Cloud 
Condensation Nuclei Counter (CCNC), Aircraft Integrated 
Meteorological Measurement System (AIMMS-20) and Hot 
Wire Liquid Water Probe (LWC-100).  
Table 1 lists the instruments used in the BCE. Aerosol 
data were collected with the SPP-200 (Droplet Measuring 
Technologies, DMT) on aircraft of the Beijing Y-12 and the 
PCASP-100X (Particle Measurement System, PMS) on 
aircraft of the Shijiazhuang Cheyenne III-A. The Datong 
Y-12 aircraft had no aerosol particle probe. The Spp-200 
measures aerosol number size distribution with diameter 
from 0.1 to 3.0 μm, which is divided into 30 bins and the 
resolution changes with particle size. The PCASP-100 is the 
same with the SPP-200 but it is divided into 15 bins. All of 
these two probes sample 1 data per second. CCN number 
concentrations were measured using the CCN Counter 
(DMT) on the three aircrafts. The CCN Counter can operate 
at supersaturation (S) from 0.1% to 2.0%. It can be set to 
single or as much as five different S to observe continuously 
with a sample rate of 1 Hz. The CCN Counter was operated 
at a single supersaturation of 0.3% during the BCE. The 
inlet was mounted on the top of aircrafts and connected to a 
stainless steel tube. In this experiment, the pressure in the 
CCN Counter chamber was equal to the environmental 
pressure because there was no inlet pressure controller to 
control the sample flow.  
All instruments were calibrated by the DMT in America 
before the experiment started, moreover, the PCASP, 
SPP-200 and CAPS were calibrated using polystyrene latex 
spheres every month. The CCN Counters were calibrated 
with monodisperse ammonium sulphate or sodium chloride 
particles, and see Rose et al. [34] for detailed description.  
Three observations were conducted on 18 April, 30 April 
and 1 May in 2009 respectively. Data from the Datong Y-12 
will not be analyzed in this study due to no aerosol data. 
Table 2 lists the observation times of the Shijiazhuang 
Cheyenne III-A and Beijing Y-12. 
The aircrafts Observed at different levels when all of 
them flew into the observational area. Figure 2 shows ob-
servational altitudes of Beijing Y-12 and Shijiazhuang 
Cheyenne III-A when they were in the observational area 
during the experiment. The Beijing Y-12 flew mainly at 
3600 and 3700 m, and sometimes observed at cloud base, 
such as 2700 m on 18 April and 2400 m on 30 April. The 
Shijiazhuang Cheyenne III-A observed mainly at 4800, 
5600 and 6000 m.  
During the observation on 18 April, the Zhangjiakou re-
gion was at the south edge of a low pressure weather system 
and the surface was dominated by south-west wind. The 
corresponding 700 hPa and 500 hPa levels were controlled 
by a weak westerly trough. Figure 3 is infrared cloud imag-
es from satellite FY 2-C during the BCE. Figure 3(a) shows 
that the cloud was located in the north of Zhangjiakou re-
gion, and the cloud in the observational area was thin. A 
cold front passed over the Zhangjiakou region between 
20:00 LT on 30 April and 08:00 LT on 1 May, and 5.3 mm 
precipitation was recorded by the Zhangjiakou Meteorolog-
ical Observation. At 20:00 30 April, the front had arrived at 
the marches with Hebei, Shanxi and Inner Mongolia, and 
the observational area was located in front of the frontal 
weather system. The edge of the cloud system had covered 
the observational area and the main body of the cloud sys-
tem was located in the west of this area (Figure 3(b)). The 
frontal weather system had moved to the east of Hebei 
Province at 08:00 on 1 May and the observational area was 
located behind the frontal system. Figure 3(c) shows that the 
cloud had moved out of the observational area. The upper  
Table 1  Instruments used in the BCE 
Instrument Variable Size range Resolution 
FSSP-ER cloud particles 
15 bins, 4 measurement ranges: 5–95 μm, 
2–47 μm, 2–32 μm and 1–16 μm 
measures in 4 size ranges, used the 
range of 2–47 μm, resolution is 3 μm 
PCASP-100X aerosol particles 15 bins, 0.1–3 μm from 0.02 to 0.5 μm 
OAP-2D-GA2 cloud particles, precipitation particles 62 bins, 25–1550 μm 25 μm 
OAP-2D-GB2 precipitations 62 bins, 100–6200 μm 100 μm 
CCN Counter CCN concentration 
particle size range: 0.75–10 μm 
supersaturation range: 0.07%–2.0% 
about 30 s for 0.2% supersaturation 
change 
King-LWC liquid water content 0–3 g/m3 – 
CAS aerosol particles and cloud particles 30 bins, 0.6–50 μm Changes with the particles size 
CIP cloud particles, precipitation particles 62 bins, 25–1550 μm 25 μm 
PIP precipitation particles 62 bins, 100–6200 μm 100 μm 
SPP-200 aerosol particles 30 bins, 0.1–3 μm changes with the particles size 
CDP cloud particles 30 bins, 2–50 μm changes with the particles size 
AIMMS-20 meteorological parameters – – 
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Table 2  Observation times during the BCE 
 Shijiazhuang Cheyenne III-A Beijing Y-12 
18 April 17:00–18:12 17:05–18:55 
30 April 18:26–19:30 17:30–19:24 
1 May 09:11–10:30 08:31–11:34 
 
 
Figure 2  Observation altitude of Beijing Y-12 and Shijiazhuang Chey-
enne III-A during BCE. (a) 18 April; (b) 30 April; (c) 1 May. 
levels over observational area were controlled by a westerly 
trough during the passing of the cold frontal weather system, 
thus, the weather process from 30 April to 1 May was pro-
duced by the combined action of surface cold frontal 
weather system and westerly trough.  
2  Results 
The clouds can greatly affect the results of CCN observa-
tion. To obtain the relationship between aerosol and CCN, 
we must minimize the effects of clouds by excluding the 
data that contaminated by clouds. The first step is to distin-
guish the in-cloud and out-of-cloud data from the overall 
dataset. In fact, there is no generally acknowledged criterion 
to determine the appearance of clouds from the data, so that 
scientists use their own criterions in their researches 
[22,35–39]. In addition, there is no comparison study to 
evaluate influences of using different criterions. Refer to 
works of Hobbs et al. [37] and Zhang et al. [22], the fol-
lowing criterion is used to determine the appearance of 
clouds in this study: the concentration of droplets with di-
ameters between 3 and 5 μm is ≥ 10 cm−3 (as measured by 
the FSSP-ER or the CAS), or the concentration of droplets 
with diameter larger than 100 μm is ≥ 0.1 cm−3 (as meas-
ured by the CIP or the OAP-2D).  
2.1  Vertical distributions of aerosol number  
concentration, diameter and size distribution 
We can get the aerosol vertical distribution in the observa- 
 
Figure 3  FY 2-C infrared cloud images during BCE. (a) 18:00 on 18 April; 
(b) 18:00 on 30 April; (c) 09:00 on 1 May. Red box shows the observed. 
tional area by using multi-aircrafts to observe at different 
levels. Statistical properties of out-of-cloud aerosols and 
CCN at different levels during the experiment are listed in 
Table 3, the aerosol number concentration (Na), mean diam-
eter (MD), relative dispersion (ε), CCN number concentra-
tion (Nccn) and the ratio of CCN number concentration to 
aerosol number concentration (Nccn/Na) are listed in columns 
3 to 8 respectively. Data that collected by the Beijing Y-12 
at the level of 4800 m on 1 May will not be analyzed since 
the flight at this level was all located in the cloud. 
Figure 4 shows the vertical distributions of aerosol num-
ber concentration, mean diameter and relative dispersion. 
Data in this figure came from Table 3. Observation under 
3700 m was made by the Beijing Y-12, and that above it 
was made by the Cheyenne III-A except for observations at 
4200 m and at 4800 m on 1 May, which were made by the 
Beijing Y-12.  
Under the influence of surface pollutants, high aerosol  
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Table 3  Statistical properties of aerosols and CCN at different levels during the BCE a) 
Date Aircrafts Altitude (m) Na (cm
–3) MD (μm) ε (Relative dispersion) Nccn (cm–3) Nccn/Na 
2009-04-18 
Beijing Y-12 2700 6534 0.19 0.39 985 0.151 
3600 2796 0.18 0.43 346 0.124 
Cheyenne III-A 4800 369 0.18 0.53 78 0.211 
5100 183 0.17 0.48 52 0.284 
2009-04-30 
Beijing Y-12 2400 3194 0.18 0.53 475 0.149 
3700 2471 0.18 0.57 300 0.121 
Cheyenne III-A 4800 87 0.16 0.48 26 0.299 
5400 51 0.16 0.46 23 0.451 
6000 33 0.17 0.49 16 0.485 
2009-05-01 
Beijing Y-12 3600 2068 0.12 0.49 34 0.016 
4200 2419 0.11 0.51 34 0.014 
4800 –   – – – – 
Cheyenne III-A 4800 73 0.22 0.89 10 0.137 
5400 31 0.17 0.55 6 0.194 
6000 52 0.17 0.59 20 0.385 
a) CCN was observed at the supersaturation of 0.3%. 
 
 
Figure 4  Vertical distributions of aerosol (a) number concentration Na; (b) mean diameter MD; (c) relative dispersion ε. In the legend, zjk and sjz represent 
the Beijing Y-12 aircraft and Cheyenne III-A aircraft, respectively. The numbers behind represent the date, such as 0418 means 18 April. 
number concentrations appeared at lower levels (Figure 
4(a)), the highest value was 6534 cm−3 at 2700 m on 18 
April. Atmosphere was in stable stratification during the 
BCE, and the convective transport was weak, so that the 
airflow lifting and turbulence diffusion were the major 
mechanisms of vertical transport of aerosols, which made 
hard to transport the pollution aerosol to upper levels of the 
atmosphere. For this reason, the aerosol number concentra-
tion generally decreased as altitude increased: high number 
concentrations of aerosol were mainly distributed in the 
levels under 4500 m, and decreased to less than 100 cm−3 in 
the levels above it.  
Except for the observations on 1 May, the aerosol mean 
diameter was about 0.16–0.19 μm (Figure 4(b)), and varied 
little with altitude. This was consistent with observations 
from 2005 to 2006 in Beijing [21]. On 1 May, the mean 
diameter was 0.12 μm and 0.11 μm at 3600 m and 4200 m 
respectively, much smaller than other two days observations. 
This suggests that larger aerosols were depleted by clouds 
during the passing of the cold frontal system. The corre-
sponding aerosol number concentrations changed little, and 
were 2068 and 2419 cm−3 respectively. We can rule out the 
effect from clouds, because the data that contaminated by 
clouds have been excluded during data pre-procession. 
There were two reasons that might lead to the phenomenon 
of high aerosol concentration with small diameter. (1) The 
advection. Observations on 1 May were made in the morn-
ing after the front passed, and local aerosols could hardly be 
transported to these levels, so, these small aerosols might be 
advected from outside area by the cold air accompanied 
with the frontal weather system. (2) The secondary aerosol. 
Peter et al. [40] studied a case with pre-frontal and post- 
frontal aircraft observations during the ACE-Asia, and sug-
gested that mixing between air masses with large gradients 
in temperature and relative humidity might have promoted 
new particle formation. Moreover, the evaporation of cloud 
droplets behind the frontal cloud system was an important 
source of aerosol. In contrast with mean diameters under  
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4500 m, mean diameters were larger at those above it, espe-
cially at 4800 m (0.22 μm).  
The relative dispersion (ε), defined as the quotient of the 
standard deviation about mean diameter (σ) dividing the 
mean diameter itself, and describes the relative width of 
aerosol size spectra. Figure 4(c) shows the change of ε of 
average aerosol size spectra with altitude during the BCE. 
Values of ε changed mainly from 0.4 to 0.6 with altitude in 
the same day, and suggested that the aerosol size spectra 
changed little with altitude. Although aerosol mean diame-
ters were much smaller than those in other two days at 3600 
m and 4200 m on 1 May, values of ε were much the same. 
However, values of ε on 1 May were much larger than those 
in the other two days in the area above 4500 m, especially at 
4800 m, it reached as large as 0.89, and suggested that aer-
osol size spectra were wider in the area above 4500 m than 
in below.  
Figure 5 shows the aerosol average number size distribu-
tions at different levels. The spectral patterns below 4500 m 
were different greatly from those above. At lower levels, 
aerosol spectra were dominated by high concentration of 
small particles (Figure 5(a)), and showed a bimodal distri-
bution with peak diameters at 0.1 and 0.14 μm respectively. 
On 18 April, a peak diameter even appeared between 0.2 
and 0.24 μm. However, aerosol spectra showed unimodal 
distribution above 4500 m with peak diameter at 0.1 μm. 
Spectral patterns of 18 and 30 April were much the same 
but total concentrations of 18 April were higher.  
Aerosol spectra of 1 May were different greatly from that 
of 18 and 30 April. Firstly, small particles increased greatly 
at 3650 and 4270 m. Aerosol concentrations of the smallest 
bin (0.1 μm) at these levels increased to 37660 cm−3 and 
44380 cm−3 on 1 May, and the largest value in the other two 
days was 15650 cm−3. Secondly, concentrations of aerosols 
with diameter ranging from 0.12 to 3 μm, especially from 
0.16 to 0.3 μm, decreased distinctly. For example, the con-
centration of aerosol with diameter of 0.22 μm at 3600 m on 
18 April was 6517 cm−3, and decreased to 392 cm−3 on    
1 May because of the depletion of large particles by cloud 
and precipitation when the front passed. Comparing with 30 
April, the concentrations of aerosols with diameter ranging 
from 1.8 to 3 μm at 4270 m on 1 May increased, a peak 
diameter even appeared at 2.4 μm with concentration of 4.8 
cm−3. Moreover, at levels above 4500 m, the concentrations 
of aerosols with diameter larger than 0.6 μm on 1 May were  
higher than that on 30 April, and a second peak appeared at 
2.4 μm with concentration of 5.4 cm−3. These phenomena 
were in good agreement with results in Figure 4.  
2.2  Vertical distribution of cloud condensation nuclei 
(CCN) and its relationship with aerosol 
Cloud condensation nuclei (CCN) are critical to cloud for-
mation and its microphysical properties. The CCN concen-
trations at different levels were measured with CCN Coun-
ters (CCNC) that carried by the aircrafts, and the supersatu-
ration of 0.3% was set during the whole experiment.  
Figure 6 shows the vertical distribution of CCN concen-
tration (NCCN) at 0.3% supersaturation and the ratio of CCN 
concentration to aerosol number concentration. The CCN 
concentrations decreased as altitude increased (Figure 6(a)). 
On 1 May CCN concentrations were much lower than those 
in the other two days because of the depletion of CCN when 
the front passed. At about 3600 m, the CCN concentration 
was 300 cm−3 on 30 April, and decreased to 34 cm−3 on 1 




Figure 5  Average aerosol number size distributions at different levels. (a) Levels below 4500 m (observed by Beijing Y-12); (b) levels above 4500 m 
(observed by Cheyenne III-A). In the legend, the first four numbers represent the observe date and the numbers behind represent the observational levels. 
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Figure 6  Vertical distributions of (a) CCN concentration; (b) ratio of CCN concentration to aerosol number concentration at 0.3% supersaturation. Legend 
is the same as in Figure 4. 
on 30 April to 6 cm−3 on 1 May at 5400 m. In addition, we 
can also find from Figure 6(a) that the CCN concentration at 
6000 m increased on 1 May compared with that on 30 April.  
The ratio of CCN concentration to aerosol number con-
centration can be used to represent the rate that aerosols 
transform into CCN at a certain supersaturation. Figure 6(b) 
shows that ratios were smaller than 0.2 at levels below 4500 
m, it means that less than 20% of aerosols could act as CCN 
at supersaturation of 0.3%. Ratios ranged from 0.122 to 
0.15 on 18 and 30 April, and then decreased to the range 
from 0.014 to 0.016 on 1 May, which were much less than 
those in the other two days. At levels above 4500 m, ratios 
increased with altitude, and ranged from 0.2 to 0.5. For 
example, ratios increased from 0.299 and 0.137 at 4800 m 
to 0.485 and 0.385 at 6000 m on 30 April and 1 May re-
spectively. It means that at the supersaturation of 0.3%, the 
proportion of aerosols that could act as CCN increased with 
altitude and could reach as large as 50% at 6000 m. The 
ability of aerosol to act as CCN depends on its size and 
chemical composition. For particles with similar chemical 
composition, the larger the particles, the easier they can be 
activated. Therefore, Figure 6(b) suggests that at lower lev-
els of the atmosphere over the observational area, the parti-
cles were too small to act as CCN; at upper levels, the larger 
soluble particles were much easier to be activated. Differ-
ences of aerosol properties in altitude shown in Figures 4–6 
indicate that aerosol sources and properties were different in 
the upper and lower atmosphere.  
The measurement of CCN concentration is more difficult 
than aerosol, we hope to use the aerosol number concentra-
tion to represents the CCN concentration, so that the deter-
mination of the relationship between aerosol number con-
centration and CCN concentration is critical. The CCN ac-
tivating property is complicated [32,34,41], mainly depends 
on particle size and chemical composition. With the exper-
imental data, we hope to find a simple relationship between 
CCN and aerosol number concentration at a certain super-
saturation without the chemical composition information. 
Figure 7 shows the relationship between average aerosol 
number concentration and CCN concentration at different 
levels, and the dash and solid lines are fittings including 
(fit1) and excluding (fit2) observation on 1 May. The corre-
lation coefficients of fit1 and fit2 were 0.84 and 0.98 re-
spectively, and it suggests that the fitting result without ob-
servations on 1 May was better than that with them. More-
over, the observations below 4500 m on 1 May influenced 
the fitting result much stronger than that above. One of the 
reasons is that the large quantity of aerosols was scavenged 




Figure 7  Relationship between aerosol and CCN concentration. Dash 
and solid lines are fittings include and exclude observations on 1 May. 
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2.3  Aerosol sources and properties 
Vertical distributions of aerosol number concentration, 
mean diameter and size distribution suggested that there 
were large differences between the lower (under 4500 m) 
and upper (above 4500 m) atmosphere, which resulted in 
differences of conversion ratios of aerosol to CCN between 
different levels. In order to understand the sources and 
properties of aerosols at different levels during the experi-
ment, we performed 48-h back trajectory analyses based on 
the National Oceanic and Atmospheric Administration 
(NOAA) Hybrid Single-Particle Lagrangian Integrated Tra-
jectory (HYSPLIT) model. 
Figure 8 shows the 48-h back trajectories of air masses 
during the experiment. The black stars represent the obser-
vational area; lines of different colors represent different 
back trajectories at different levels, and the time in the fig-
ures is UTC. Back trajectories revealed the different sources 
and transport paths of air masses sampled in these three 
days. The air mass sampled on 18 April was originated from 
the Inner Mongolia and moved slowly, and it took 48 h to 
reach the observational site. Since the air mass was primar-
ily formed by low-level lifting process, the effect of local 
pollution was much larger during the moving of air mass 
(Figure 8(a)). All of these result in the high concentrations 
of aerosol and CCN at different levels. Figure 8(b) shows 
that the air mass sampled on 30 April was originated from 
Xinjiang area. It passed through the Gobi Desert, and en-
tered Shaanxi and Shanxi provinces, and subsequently 
moved slowly into the observational area. Comparing with 
18 April, the air mass on 30 April was less influenced by 
surface pollutants since the aerosol concentrations at lower 
levels were smaller. Air mass sampled on 1 May was origi-
nated form Taklimakan Desert area and Kyrgyzstan, which 
are important dust sources (Figure 8(c)). The high moving 
speed made it have less influence by local environment, and 
the appearance of dust at higher levels made the concentra-
tion of particles with diameter ranging from 0.6 to 3 μm 
much higher than the other two days.  
The back trajectories suggested that levels above 4500 m 
were influenced by large particles in these three days during 
the experiment. The high CCN to aerosol ratio (as large as 
50%) suggested the high solubility of these large particles, 
and it had greater effect on cloud and precipitation under 
stable weather condition. The levels below 4500 m were 
influenced more by local and surface pollutants, and the 
conversion ratio of aerosol to CCN was as low as 20% alt-
hough the pollution aerosol concentration was high. Under a 
stable weather condition, these pollution aerosols had less 
effect on cloud and precipitation because it was difficult to 
transport them to upper levels.  
3  Conclusions 
The Beijing Cloud Experiment (BCE) of the Key Project in   
 
Figure 8  The 48-h back trajectories of air masses during the BCE. (a) 18 
April; (b) 30 April; (c) 1 May. 
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the National Science & Technology Pillar Program during 
the Eleventh Five-year Plan Period is the first multi-aircraft 
cloud observational experiment in China. During this ex-
periment, three aircrafts observed aerosol, CCN and cloud 
at different altitudes simultaneously, and provided valuable 
data for the aerosol-cloud interactions in this area. We ana-
lyzed the aerosol and CCN data of 18 April, 30 April and 1 
May from this experiment and the results are summarized as 
follows:  
(1) The results indicate that properties of the vertical dis-
tribution of aerosol number concentration were distinct un-
der stable atmospheric stratification in spring in the study 
area. The aerosol number concentration could reach to the 
magnitude of 103 cm−3 below 4500 m and decreased to   
the magnitude of only 10 cm−3 as altitude increased above 
4500 m.  
(2) Aerosol mean diameters were between 0.16 and 0.19 
μm, and changed little with altitude. Under influences of 
depletion of cloud and precipitation, evaporation, secondary 
aerosol and dust at high levels, the particle concentrations 
with diameter of 0.1 μm increased greatly at levels below 
4500 m in 1 May, but the concentrations of particles with 
diameter ranging from 0.12 to 3 μm, especially from 0.16 to 
0.3 μm, decreased distinctly. Aerosol mean diameters were 
between 0.11 and 0.12 μm. Above 4500 m, however, con-
centrations of particles with diameter ranging from 1.8 to  
3 μm increased obviously.  
(3) Below 4500 m, the average number size distributions 
of aerosol showed a bimodal (multimodal) mode, and uni-
modal mode above it.  
(4) The vertical distribution of ratio of CCN concentration 
to aerosol number concentration suggests that the conver-
sion ratios of aerosol to CCN at 0.3% supersaturation were 
less than 20% below 4500 m, and changed little with alti-
tude. The ratios were between 12% and 15% in 18 and 30 
April, and between 1.4% and 1.6% in 1 May. Above 4500 
m, the conversion ratio increased with altitude and could 
reach as large as 50%. Moreover, the differences between 
days at the same level were distinct.  
(5) The aerosol and CCN concentration data were fitted 
to establish a simple relationship between them. When ex-
cluded observations of 1 May, the correlation coefficients 
could reach 0.98 and decreased to 0.84 when included them.  
(6) The different sources of aerosol made differences of 
aerosol number concentrations, size distributions and con-
version ratios of aerosol to CCN between upper and lower 
levels. The back trajectories suggested that levels above 
4500 m were influenced by large particles in these three 
days during the experiment. The high CCN to aerosol ratio 
(as large as 50%) suggested the high solubility of these 
large particles, and it had greater effect on cloud and precip-
itation under stable weather condition. Levels below 4500 
m influenced more by local and surface pollutants, and the 
conversion rate of aerosol to CCN was as low as 20% alt-
hough the pollution aerosol concentration was high. Under 
stable weather condition, these pollution aerosols only have 
small effect on cloud and precipitation because it was diffi-
cult to transport them to the upper levels.  
Results above show that vertical distributions of aerosol 
and CCN and the magnitude of their concentrations during 
the BCE was consistent with Zhang et al. [22]. The aerosol 
number concentration decreased with altitude. The aerosol 
number concentrations in the BCE were much higher than 
that in the ACE-2 [43] and the INDOEX [44], but close to 
the continental aerosol observed at the Gulf of Mexico [45], 
and this is an important difference between continental and 
maritime aerosol, and suggesting that the observed area was 
heavily influenced by local pollution aerosols. Comparing 
with Zhang et al. [22], the conversion ratios of aerosol to 
CCN were much smaller, less than 15% at levels below 
4500 m in the BCE and ranged from 30% to 50% in Zhang 
et al. [22]. Above 4500 m, the conversion ratios were close 
in these two experiments. It suggests that chemical compo-
sitions of aerosol below 4500 m in these two experiments 
were different. The possible cause is the difference of pol-
lutant sources between these two regions when sampled. 
Levels above 4500 m were influenced less by pollutant that 
the difference of aerosol chemical property at these levels 
was smaller.  
More accurate researches with CCN observations at 
much wider range of supersaturation are needed, because 
the CCN observed in the BCE was at 0.3% supersaturation, 
and this only told the story at a certain situation. Further-
more, aerosol chemical composition in this study was only 
an assumption because there was no chemical observation 
during the BCE. Whether the large particles at higher levels 
come from the dusts that interacted with pollution aerosols 
during transportation and formed the large soluble aerosols, 
or they were locally originate, needs further observations 
and verifications.  
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